Peripheral nerves in dystrophic mice express multiple axon ensheathment abnormalities.
In the mouse, Schwann cell multiplication normally persists throughout the first week of postnatal life (Asbury, 1967; Bray et al., 1977) . This process of terminal Schwann cell division occurs within multiple "Schwann cell families," each recognized in nerve crosssections as a bundle of naked axons surrounded by immature uncomitted Schwann cells (Peters and Muir, 1959; Webster et al., 1973; Webster, 1975) . Such axon bundles are progressively subdivided by the increasing Schwann cell population such that axons achieve their appropriate numerical relationships with Schwann cells.
When appropriately innervated, each Schwann cell ceases division and then proceeds to elaborate the particular morphology complementary to the caliber and/or modality of its associated axon(s). In turn, the Schwann cell exerts a local influence on the caliber (Raine et al., 1969; Aguayo et al., 1979a, b) and possibly on the nodal specialization of its innervating axon(s) (Bostock and Sears, 1978; Aguayo et al., 1979a, b; Bray et al., 1981) . This exquisite developmental interaction could only be realized if both the axons and Schwann cells were competent to provide, recognize, and respond to the appropriate molecular signals constituting cell-cell communication. Thus, for an inherited neuropathy in which Schwann cells fail to achieve a normal phenotype, either a deficiency intrinsic to the Schwann ceil itself or a failure of the appropriate developmental signals to reach an otherwise competent Schwann cell population could equally describe the underlying pathogenetic mechanism.
For the Trembler, Quaking, and shiverer mutants, primary glial abnormalities appear to be entirely responsible for the neuropathies observed (Ayers and Anderson, 1973,1976; Low, 1977; Suzuki and Zagoren, 1977; Aguayo et al., 1979a; Cornbrooks et al., 1980; Chernoff, 1981; Peterson and Marler, 1983; Roach et al., 1983) . However, in sharp contrast to mutants in which the process of myelinogenesis per se is perturbed, the pathogenesis of the neurological deficiencies expressed within the dystrophic mouse (dy) (Michelson et al., 1955) has defied comparable definition. In association with a progressive muscle disease (Butler and Cosmos, 1977) such mice reveal multiple, seemingly distinct, Schwann cell abnormalities. Discrete locations in the PNS of dystrophic mice are populated with Schwann cells that fail altogether to separate and ensheath axons during primary development (Bradley and Jenkison, 1973, 1975) . These susceptible regions include the longer spinal roots and cranial nerves and, to a lesser extent, certain locations within the more peripheral mixed nerves (Jaros and Bradley, 1979) . Reminiscent of early primary development, these affected sites reveal closely apposed "naked" axon bundles typically delineated by undifferentiated, presumptive, Schwann cells. In addition, relatively subtle ensheathment defects are expressed elsewhere (Jaros and Bradley, 1979) ; the nodal regions of otherwise typically ensheathed axons are frequently elongated, and the basal laminas on both myelinated and unmyelinated Schwann cells express multiple small gaps such that approximately 29% of their plasma membranes appears to be exposed directly to the extracellular fluid (Madrid et al., 1975) . Thus, the neurological deficiencies in dystrophic mice present as a localized and persistent failure in one of the earliest interactions between Schwann cells and axons (axon separation and ensheathment) and as morphologically subtle perturbations, including one of the latest manifestations of individual Schwann cell maturation (basal lamina formation). Moreover, the localized ensheathment disorder and/or the generalized basal lamina deficiencies associated with Schwann cells in dystrophic mice can be significantly altered in various tissue culture, transplant, regeneration, and chimera preparations (Stirling, 1975; Bray et al., 1983; C.ornbrooks et al., 1983; Peterson and Bray, 1984b) , indicating that some influence originating outside the Schwann cell itself may have a significant and, possibly, primary role in the pathogenesis of this disease.
To further assess the role of the dystrophic Schwann cell in the in vivo pathogenesis of this neuropathy, a chimera preparation derived from dystrophic and non-dystrophic cells has been exploited. If dystrophic Schwann cells are intrinsically defective, they should similarly fail to ensheath axons in the nerves of these chimeras, whereas normal Schwann cells should be unaffected and potentially compensate for the dystrophic Schwann cell deficiency. Alternatively, if the dystrophic neuropathy results as a secondary response to an extra Schwann cell defect, no such correlation should be observed.
A reliable means of identifying the genotype of the Schwann cells present in such chimera nerves was provided by incorporating shiverer cells as the non-dystrophic component of these chimeras. The Pl component of myelin basic protein (Pl MBP) is not detectable in shiverer Schwann cells (Ganser and Kirschner, 1979; Kirschner and Ganser, 1980; Roach et al., 1983) , and although shiverer Schwann cells do express minor morphological deficiencies (Rosenbluth, 1980) , particularly in myelin thickness (Peterson and Bray, 1984a, b) , they appear to develop (Peterson and Marler, 1983) and regenerate (R. L. Sidman, personal communication)
normally. The myelin synthesized by dystrophic Schwann cells contains normal levels of Pl MPB (this report). Therefore, immunocytochemical detection of Pl MBP served to identify the genotype of all myelinated Schwann cells existing in sections of these chimera nerves. Light or electron microscopy of adjacent sections permitted a direct assessment of the nerve morphology realized relative to the proportions and particular locations of dystrophic and shiverer Schwann cells within each nerve.
Materials and Methods

Chimera preparation
Mice. The shiverer colony was founded by shi/+ mice generously provided by Dr. T. Bird, Veterans Administration Hospital, Seattle, Washington. These mice were derived from multiple crosses between the SWV strain, in which the shiverer mutation occurred, and the ICR strain. Since 1979, this stock has been maintained as a closed colony in the animal facility of the Montreal General Hospital Research Institute. The shi allele is maintained by heterozygote (shi/+) matings and by shi/+ x shi/shi matings (usually successful if the male is approximately 3 months old).
Dystrophic embryos (dp/dp) were obtained from timed matings between dy/dfJmice of the C57BL/6J strain. Shiverer embryos were obtained from timed matings between shi/shifemales and shi/+ males; of the resulting embryos, one half were expected to be shi/shi homozygotes and the remainder were expected to be shi/+. Chimeras were produced by aggregating pairs of eight-cell embryos in vitro, culturing these aggregates for 24 hr, during which time they differentiated into blastocysts, and subsequently transplanting the chimera blastocysts to the uterus of a pseudopregnant female to complete in utero development (Mullen and Whitten, 1971) . To identify dp/dfJ -shi/shi chimeras, we relied upon the total absence of immunocytochemically detectible Pl MBP in a portion of the myelinated Schwann cells present in the mature chimera nerves. In total, seven chimeras were produced.
One with clinical symptoms of the shiverer syndrome died naturally and was not analyzed.
On the basis of immunocytochemistry (see "Results"), three were determined to be shi/shi -dy/dp and were designated A, B, and C; the remaining three were identified as shi/+ cf dyzJ/dpJ.
All seven chimeras demonstrated both coat color mosaicism and mosaicism within ear punch biopsies detected by GPI-1 isozyme analysis (Peterson et al., 1978 Figure 7 . Peripheral nerves from a C57BL/6J dp/df' mouse. Adjacent cross-sections reveal that all myelin identified in a sciatic nerve (A and /3) and an affected L3D spinal root binds antisera with specificity for MBP Pl (C and D). Calibration bar = 100 pm for A and B, and 73 pm for C and D.
shi/shivdx2'/dy2' -7
Peterson Vol. 5, No. 7, July 1985 Figure 2. Pl immunocytochemistry of chimera spinal roots. A, Left L4D spinal root of chimera B reveals Pl -positive (dtiJ/dp) and Pl -negative (shi/shi) myelin sheaths identifying a chimera of shi/shi c-) dy/dtiJ genotype. A', Toluidine blue-stained preparation of an adjacent section. 6, In the left L4D spinal root of another chimera, all myelin is Pl positive but the presence of myelin with an intermediate immunocytochemical reaction identifies the genotype of thus chrmera as S/H/+ w dp/-dp. Cahbration bar = 100 pm.
performed by standard procedures (Sternberger et al., 1970) . and the sectrons were subsequently vrewed wrth a Leitz Orthoplan microscope. In all cases, adjacent 0.5pm sections were obtained and stained directly with tolurdrne blue for correlative hrstologrcal analysis by light microscopy. In certarn crrcumstances adfacent ultrathin secttons were obtained for correlative ultrastructural analysis. Ultrastructural preservation was considered adequate, although the fixatron protocol was optimized for immunocytochemrstry.
Results lmmunocytochemical control experiments. Peripheral myelin in shiverer mice reveals no observable reaction product when processed with the immunocytochemistry techniques described. The myelin in genotypically normal mice stains intensely and uniformly (see Peterson and Marler, 1983) .
PI immunocytochemistry revealed intensely stained myelin sheaths in the PNS of dystrophic mice. Myelinated Schwann cells within either normally ensheathed nerves (Fig. 1 , A and 5) or immediately adjacent to naked axon bundles within affected spinal roots (Fig. 1, C and D) are consistently Pl positive. However, relatively rare hypomyelinated fibers in dystrophic spinal roots typically revealed less reaction product than was observed in normally myelinated fibers, a result most likely directly related to the thinner myelin in such fibers. Throughout the remainder of the PNS of dystrophic mice, the intensity of the Pi immunocytochemical reaction was indistinguishable from that observed when nerves from genotypically normal mice are similarly processed. This result indicates that PI biosynthesis is not perturbed within genotypically dystrophic Schwann cells, and, therefore, a fundamental prerequisite of applying Pi immunocytochemistry as the genotype marking system was fulfilled.
Chimera genotype. The Pl expression in nerves from the six potential shi/shi c-, dfJ/dfJ chimeras available for this study was examined to define the genotype of cells derived from shi/shi x shi/+ matings. In three chimeras designated A, B, and C, both Pl positive (dfJ/dfJ) and Pl negative (shi/shi) myelin sheaths were observed (e.g., Fig. 2A ). In the remaining three chimeras, although all myelin was Pl positive, there were two distinguishable classes of myelin sheaths; intensely labeled myelin typical of dystrophic nerves and myelin revealing an intensity of staining approximately intermediate between shiverer (no staining) and that observed in dystrophic myelin (e.g., Fig. 2B ), and such weakly stained cells were presumed to be shi/+. The further analysis of the presumed shi/+ c, dp/ dp chimeras was limited to histological preparations avoiding any possibility of ambiguity in Schwann cell genotype assessment,
The proportion of shi/shi c-* dp/dp and shi/+ c, dfJ/dfJ chimeras recovered fits the predicted ratio of shi/shi and shi/+ chimeras that should be derived from embryos obtained from shi/ shi/shi-dy2J/dy2J (A . The distribution of sbi/shi and dp dp Schwann cells at the midroot level of the left L4D (a) and L4V (b) and the right L4V (c) and L4D (d) of J the control chimera and the three shi/shi c, d "/dp chimeras (A, B, and C). Calibration bar = 100 pm. shi x shi/+ matings; i.e., 50% shi/shi:50% shi/+ expected versus 4 of 7 shi/shi:3 of 7 shi1-k observed. The chimera exhibiting the shiverer clinical phenotype prior to death was classified as shi/shi +-+ dy2J/dfJ; the remaining six chimeras exhibited a generally normal clinical phenotype. Subtle abnormalities were observed in the posture assumed by the hindlimbs of chimera A when it was suspended by the tail.
Morphology of spinal roots: Light microscopy. Cross-sections from the proximal, middle, and distal segments of both dorsal and ventral spinal roots (L3, L4, L.5, and L6) were prepared from all six The Journal of Neuroscience Peripheral Nerves in shiverer c-* dystrophic Chimera chimeras and examined for the presence of naked axons. Bundles of naked axons were observed in only 2 of the 96 roots examined (the left and right L4 ventral (L4V) roots of chimera A; Fig. 3 ). The remaining 94 roots generally expressed a normal morphology, although, rarely, both isolated axons, apparently without appropriate Schwann cell ensheathment, and a variety of subtle myelin abnormalities were observed. Multiple levels of the affected L4V roots were examined to determine the longitudinal extent of these naked axons; in both, naked axons were observed at the most distal levels, whereas only the left L4V was affected at the midroot level. Vol. 5, No. 7, July 1985 I Roots I Sciatic CONTROL A 0 C Figure 5 . Comparisons of total Schwann cell populations in the left (L) and right (R) spinal roots (L3 to L6) and sciatic nerves of shi/shi c, +/+ control and shi/shi c) dp/dpchimeras A, l3, and C. If dystrophic Schwann cells fail to populate the spinal roots of shi/shi c-* dfJ/dfJ chimera, such roots should contain a majority of shiverer Schwann cells. Sciatic nerves should not be subject to the same selection pressure. Although every chimera (including the control) has a relatively greater proportion of shiverer Schwann cells in spinal roots than in sciatic nerves, no consistent selective advantage of shiverer Schwann cells in spinal roots is revealed. In particular, the left spinal root samples of chimera A were composed of an equal proportion of both Schwann cell genotypes, whereas the right spinal root samples were dominated by dystrophic Schwann cells.
Genotype of Schwann cells in normal and affected chimera roots. The general amelioration of ensheathment defects could be accounted for by a simple numerical compensation conferred directly by the coexisting shiverer Schwann cells. If shiverer Schwann cells expressed a relative developmental advantage, or if they were secondarily recruited to ensheath axons in nerves where dystrophic Schwann cells had failed during primary development, the normally ensheathed roots in these chimeras should contain a predominance of shiverer Schwann cells. Therefore, the relative proportions of shiverer and dystrophic cells existing in all spinal roots at L3 to L6 levels were estimated by counting shiverer (Pl negative) and dystrophic (Pl positive) Schwann cells present in cross-sections obtained from the middle of each root. Examples of the immunocytochemical preparations of L4 roots are presented in Figure 4 . The quantitative results obtained for spinal roots and sciatic nerves from the three shi/shi c--, dfJ/dyzJ chimeras and the shijshi c, +/+ control chimera are presented in Table I .
Comparisons of the proportion of the Schwann cell population composed of shiverer cells in roots versus sciatic nerves is presented in Figure 5 . Within each chimera a relative deficiency of dystrophic Schwann cells is observed in the spinal root samples. However, this apparent shiverer advantage does not appear to result from a failure of the dystrophic Schwann cell populations, as a similar shiverer Schwann cell advantage was also observed in the shijshi c, +/+ control chimera. Moreover, certain unaffected roots within the shi/ shi t, dypJ/dypJ chimera samples contained a marked preponderance (highest, 89%) of dystrophic Schwann cells, and in some chimeras, differences between the equivalent left and right samples were as large as the differences observed between the sciatic and root samples (e.g., control chimera, chimera A, and chimera C). Thus, no consistent deficiency in the relative ability of dystrophic Schwann cells to populate and appropriately ensheath spinal roots in these chimeras is detected by this quantitative analysis.
Every chimera spinal root analyzed was found to contain Schwann cells of both genotypes at the midroot level. (The right L4 dorsal (L4D) root from chimera B was composed of two branches, and in this unique case, only shiverer Schwann cells were present in one branch (Fig. 4) ). If a developmental failure affecting only dystrophic Schwann cells had occurred, it should have been revealed in the spatial organization of the shiverer and dystrophic Schwann cell populations coexisting in these chimera spinal roots. A visual examination of the mosaic patterns expressed in the middle of L4V and L4D roots (that typically express the maximum proportion of unensheathed axons in dystrophic mice) did not reveal any exceptional mosaic patterns indicative of such a compensation (Fig. 4) . Although the mosaic patterns are highly variable and apparently complex, no indication of larger than normal groups of shiverer Schwann cells is discernible. Rather, roots in which only small patches of shiverer Schwann cells are present (e.g., the right L4V and L4D roots of chimera A), roots with equivalent proportions and mixtures of the two cell lines (e.g., right L4V, chimera C), and roots in which only small clusters of dystrophic Schwann cells are present (e.g., left L4D, chimera B) were observed. This apparent variability is also represented in the roots from the control chimera, further indicating that no special developmental compensation by the shiverer cell line had occurred in the shi/shi c, dy2"/dfJ chimera.
Spatial distribution of dystrophic and shiverer Schwann cells relative to naked axons. The quantitative results presented above indicated that the relative proportions of dystrophic and shiverer Schwann cells in chimera roots could not account for the generally normal development observed. However, it remained possible that, within the two affected roots, dystrophic Schwann ceils were distributed in such a way that shiverer Schwann cells were physically isolated from the naked axons. To determine whether such a unique spatial relationship existed within these roots, more detailed examination of the cross-sectional and longitudinal relationships between naked axons and the adjacent Schwann cell population was performed. Cross-sections of both affected roots revealed numerous clear examples of shiverer Schwann cells situated in relative proximity to naked axon groups (e.g., Fig. 6 ). Thus, no evidence of a unique spatial distribution of dystrophic Schwann cells in the lateral dimension appeared to account for the presence of naked axons in this analysis. To determine the longitudinal relationships existing between naked axon segments and the genotype of Schwann cells at the first heminode, a reconstruction obtained from skip serial sections was prepared. Two hundred micrometers of the left L4V root were serially sectioned and the ensheathment characteristics of 300 axons (outlined in Fig. 6 ) along this length were determined. The results are summarized in Figure 7 and Table II . Both shiverer and dystrophic Schwann cells are found very close to the longitudinal terminations of unensheathed portions of naked axons. Within the cross-sections containing many of these heminodes, additional cytoplasmic processes were discernible and, in some cases, such additional processes, completely ensheathing or partially surrounding the axon, persisted for several micrometers from the junction (6) To define more precisely the longitudinal relationships existing between naked axons and the shiverer or dystrophic Schwann cells, serial longitudinal sections from the right L4V root of chimera A were examined (Fig. 8) . This analysis revealed further examples of heminodes ensheathed by Schwann cells of both genotypes. Moreover, naked axon segments apparently terminating directly at the myelinated Schwann cells were observed. If cytoplasmic processes emanating from additional cells were present, they either failed to completely surround the axon or they were not resolvable by light microscopy. Thus, no unique spatial distribution among the laterally or longitudinally oriented dystrophic Schwann cell populations is evident within these affected roots-a result that appears to defy implication of only the Schwann cell genotype in the primary pathogenesis of the naked axon phenotype.
The dystrophic neuropathy is also characterized by subtle, more generalized abnormalities of ensheathment in nerves in which all axons have been successfully isolated by glia during primary development. If this aspect of the dystrophic neuropathy were to arise exclusively in response to a Schwann cell abnormality, then it should also be observed in chimera nerves containing dystrophic Schwann cells. Cross-sections were examined for the presence of isolated, abnormally ensheathed axons. Several examples of such fibers were observed, and serial cross-sections revealed that, at the first myelinated heminodes, Schwann cells of either genotype could be present (Fig. 9) . Thus, the ensheathment abnormalities expressed on axons, apparently separated appropriately during primary development, also fail to be strictly correlated with the genotype of the Schwann cells immediately bordering these sites.
Discussion
The quantitative portion of this study has revealed that no con- either the shiverer or dysfrophic genotype in chimera spinal roots. If either dystrophic Schwann cell progenitors were missing or specific clones had failed to proliferate and appropriately segregate and ensheath the axons in susceptible roots, a numerical compensation by the coexisting shiverer clones was predicted. Whereas two shil shi c, dfJ/dyzJ chimeras (B and C) did have a preponderance of shiverer Schwann cells in susceptible spinal roots, the other (chimera A) had roots dominated by the dystrophic Schwann cell population. These results suggest that the random selection of the progenitor Schwann cells originally allocated to each nerve accounts for these quantitative differences rather than any later perturbation in the relative developmental competence of one cell line. Moreover, the naked axons in the spinal roots of dystrophic mice are usually arranged in large groups, and no indication of relatively larger domains of shiverer cells was evident, a result anticipated if shiverer cells had "filled in" the axonal territories not occupied due to a developmental failure of dystrophic Schwann cells. Although the patterns of Schwann cell mosaicism observed in both shiverer c, normal (Peterson and Marler, 1983) and Trembler c, normal (Rayburn et al., 1980; Rayburn, 1983 ) chimera nerves are varied and frequently complex, no striking patterns of mosaicism appear to differentiate the Schwann cell distribution patterns in shi/shi c-* dp/ dyzJ nerves from those observed in either of the above two cases in which dystrophic cells are not present.
In the one chimera in which small groups of naked axons were observed, no indication of any special distribution of dystrophic Schwann cells in these roots was found. Rather, Schwann cells of both genotypes were found adjacent to naked axons in crosssections, and examples of both shiverer and dystrophic heminodes were observed both in the reconstruction study and in longitudinal preparations.
Similar results were observed for abnormally ensheathed but individually segregated axons. However, in the serial cross-section study, 91% (107 of 118) of the fibers that changed from naked or partially ensheathed to myelinated did so at a shiverer heminode. This result may indicate that shiverer Schwann cells were selectively recruited to this region and partially succeeded in ensheathing previously naked axon segments. Alternatively, the Schwann cell population deployed to this site during primary development may have been similarly dominated by cells of shiverer genotype. In either case, in the immediate vicinity of myelinated shiverer Schwann cells, naked axon segments persisted in these chimera roots. Thus, the combined quantitative and qualitative results indicate that the genotype of the Schwann cell populations in chimera roots does not correlate with the developmental expression of the naked axon phenotype. Moreover, the presence of shiverer Schwann cells in affected roots is not of itself adequate to correct this abnormality. Shiverer Schwann cells are competent to ensheath regenerating nerves in transplant experiments (Ft. L. Sidman, personal communication), but their presence within the two affected roots, presumably during the entire lifetime of the mature chimeras, and their apparently ideal location did not lead to the effective repair of the primary development failure.
Uncommitted, presumably undifferentiated Schwann cells continuously undergoing mitotic division is another striking feature of dystrophic spinal roots (Perkins et al., 1980) . Such undifferentiated cells were also observed in the affected spinal roots of chimera A. If the primary genetic defect underlying the dystrophic ensheathment abnormality were expressed exclusively by some cell type other than the Schwann cell itself, the presumptive uncommitted Schwann cells in the chimera could be either shiverer or dystrophic. However, as no means of identifying the genotype of such uncommitted cells in Epon-embedded nerves is known, it remains possible that, within the affected chimera roots, all presumptive uncommitted Schwann cells are genotypically dystrophic. Theoretically, the particular distribution of their cytoplasmic processes could interfere with the normal developmental or regenerative capabilities of the shiverer Schwann cell population. However, Schwann cell division in primary development is associated with retraction of cytoplasmic processes (Webster, et al., 1973; Webster, 1975) , and if the uncommitted Schwann cells in the chimera nerves similarly continued to divide, any physical barrier preventing competent Schwann cells from proliferating and invading naked axon bundles would be a transitory phenomenon. Furthermore, the localized ensheathment abnormalities present on isolated axons indicates that other physical barriers, such as direct adhesion between naked axons, cannot account for the ensheathment abnormalities observed. Thus, the ongoing block to successful axon separation and ensheathment that exists in dystrophic spinal roots appears to be reiterated in the chimera roots without regard to the genotype or location of those myelinated Schwann cells populating the remainder of the root. A pathogenetic mechanism involving more than the genotype of the dystrophic Schwann cell is therefore suggested by these findings.
The dystrophic or shiverer genotype of the neurons sending axons through the chimera spinal roots is unknown; therefore, the role, if any, of the dystrophic neuron in the ensheathment defect could not be directly assessed in the present investigation. Nonetheless, the extent of the abnormalities observed in these chimeras is not consistent with that predicted if an axonal defect were responsible. In particular, the maximal expression of the ensheathment failure expressed in dystrophic mice is typically found in the middle of the longer spinal roots; a greater proportion of the axons are typically ensheathed in both the more proximal and distal regions of the root (Stirling, 1975) . However, in the affected right L4V root of chimera A, naked axons were observed only in the most distal segment; some additional restriction in the longitudinal susceptibility to ensheathment failure independent of the continuous axon population is therefore indicated. Moreover, Schwann cells, melanocytes, and dorsal root ganglion neurons are all neural crest derivatives, and as both the pigmentation of these chimeras and the Schwann cell populations in every root contained derivatives of both shiverer and dystrophic cells, the neurons populating dorsal root ganglia might also originate from progenitors of both genotypes. However, no gross ensheathment defects in any of the chimera dorsal root samples were detected, leading to the conclusion that either a mosaic axon population did not exist in these sites, or, more likely, dystrophic axons were present, but the axon genotype is not of significance.
The relatively small size and location and the restricted distribution of the naked axon bundles observed in these chimeras demonstrates that the in vivo expression of the dystrophic ensheathment abnormality is not an all-or-none phenomenon either at the single root level or for the mouse. Nonetheless, the L4V roots of dystrophic mice are severely affected, wrth only a very small proportion of the axons typically ensheathed at the midroot level; it is therefore striking that within these chimeras, the only grossly affected nerves were L4V roots. This apparent correlation suggests that the local environment in such roots may be a particularly relevant feature of the pathogenesis. This circumstance further suggests that the axon genotype is not involved, as there is no a priori reason to predict that motor neurons would be segregated during development such that only the L4V roots of one chimera would contain axons originating from dystrophic cells. Moreover, the absolute length of the spinal root is not indicated as a factor related closely to the primary pathogenetic mechanism as the L4D roots in chimera A were not similarly affected.
Several in vitro experiments have indicated that the realization of normal extracellular matrix is a prerequisite of normal axonSchwann cell interaction (Bunge et al., 1982; Cornbrooks et al., 1983) . The general amelioration of the dystrophic ensheathment deficiency in chimera nerves should therefore indicate an improved ability of the dystrophic Schwann cells to elaborate intact basal laminas. In a quantitative ultrastructural study, the basal lamina phenotype expressed by the myelinated Schwann cells in these chimera nerves has been determined (Peterson and Bray, 1984b) ; and as predicted by this hypothesis, ultrastructurally normal basal laminas were expressed on all Schwann cells examined, regardless of their genotype or particular location within the chimera PNS.
The normalized phenotype expressed by dystrophic Schwann cells in the chimera nerves must be achieved by an extracellularly mediated influence emanating from the shi/shi cells coexisting within these mice. Some unknown type of shiverer cell must either provide the normal gene product directly to the dystrophic Schwann cells or serve to remove a primary extra Schwann cell abnormality. Although the source and nature of this normalizing influence have not been identified, the present results indicate that neither the axons nor the shiverer Schwann cells are involved. However, an intriguing possibility has been advanced by Bunge et al. (1980) who have exploited an elegant tissue culture system in which pure populations of neurites, Schwann cells, and fibroblasts from both dystrophic and normal mice can be co-cultured in various combinations.
In cocultures of normal neurites and Schwann cells, axons become typically ensheathed by Schwann cells that subsequently produce myelin and elaborate intact basal laminas. However, in comparable dystrophic co-cultures, some of the more subtle neurological deficiencies expressed in the dystrophic PNS are reiterated, including inappropriately long nodes of Ranvier and patchy basal laminas. These deficiencies are not corrected in co-cultures where dystrophic Schwann cells are innervated by normal neurons, and they are not expressed by normal Schwann cells innervated by dystrophic neurites. Thus, in contrast to the present findings, a deficiency expressed within the dystrophic Schwann cell itself appears to be defined. However, if normal fibroblasts are added to co-cultures of nerves and Schwann cells obtained from dystrophic mice, the Schwann cell basal lamina deficiencies are eventually ameliorated. On the basis of this result, a hypothesis implicating a primary genetic defect expressed within the endoneurial fibroblasts in dystrophic mice was advanced (Bunge et al., 1982; Cornbrooks et al., 1983) . In support of this possibility, there is a naturally occurring paucity of endoneurial fibroblasts in the spinal roots of normal mice, and a parallel difference exists in the endoneurial collagen content of roots and sciatic nerves (Micko and Schlaepfer, 1979) . Thus, a direct relationship between those sites typically expressing the lowest density of endoneurial fibroblasts and the maximal expression of the dystrophic ensheathment defect is suggested. In addition, for Schwann cells to effectively recognize and ensheath axons in vitro, they must contact both the axon and a collagen-containing substrate (Bunge and Bunge, 1978) .
The seemingly conflicting results from the in vitro experiments that implicate both a primary Schwann cell defect and a primary fibroblast defect are reconcilable by the suggestion that molecules secreted by normal fibroblasts may substitute for an intrinsic deficiency of dystrophic Schwann cells (Bunge et al., 1982; Cornbrooks et al., 1983) . Ths hypothesis suggests that the dystrophic Schwann cell population can overcome an intrinsic deficiency by sharing a gene product secreted by genotypically normal fibroblasts. Of particular interest, dystrophic fibroblasts may not be totally deficient in their ability to confer such an influence. First, in dystrophic mice, the distribution of major ensheathment defects is restricted to only those sites in which endoneurial fibroblasts are rare. Second, both the spinal root ensheathment and Schwann cell basal lamina deficiencies are substantially ameliorated in nerves that have regenerated in response to local crush injury, and such regenerated nerves contain higher concentrations of collagen (Bray et al., 1983) and an increased density of endoneurial fibroblasts (Thomas, 1975) . Third, dystrophic Schwann cells maintained in pure Schwann cell neurite co-cultures have more severe basal lamina deficiencies than do those maintained in the additional presence of dystrophic fibroblasts (Okada et al., 1980; Bunge et al., 1982; Cornbrooks et al., 1983) . Thus, the dystrophic fibroblast appears to maintain at least partial ability to promote normal Schwann cell axon interactions both in viva and in vitro.
The present results do not exclude a pathogenetic mechanism defined as a deficiency shared by dystrophic Schwann cells and fibroblasts. In chimera spinal roots demonstrating normal ensheathment, the dystrophic Schwann cells at those sites could achieve their normalized ensheathment capabilities in direct response to the local presence of shiverer endoneurial fibroblasts. However, to be consistent with the chimera findings, this hypothesis must be extended. In affected chimera roots, both dystrophic and shiverer Schwann cells failed to ensheath naked axons. If a local paucity of shiverer fibroblasts were responsible for this ensheathment failure, that deficiency not only would fail to rescue the dystrophic Schwann cells but would also inhibit the normal developmental and/or regenerative potential of the shiverer Schwann cells. Thus, normal endoneurial fibroblast function as a prerequisite of successful axon Schwann cell interaction in viva is suggested. Although this apparent in viva requirement is not revealed by the successful axon ensheathment observed in co-cultures containing only Schwann cells and neurons, the in vivo role indicated for endoneurial fibroblasts may be conferred in culture by factors already present in the culture media. In support of this possibility, normal Schwann cells, although capable of division in chemically defined media, do not ensheath the neurites they contact (Moya et al., 1980) . Thus, in the dystrophic mouse, the Schwann cells populating spinal roots may fail to en- The fiber again became myelinated in the most distal segment but by a shiverer Schwann cell (indicated in black).
